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Abstract
Exotic Higgs decays are promising channels to discover new physics in the near future. We
present a simple model with a new light scalar that couples to the Standard Model through
a charged lepton-flavor violating interaction. This can yield exciting new signatures, such as
h→ e+e+µ−µ−, that currently have no dedicated searches at the Large Hadron Collider. We
discuss this model in detail, assess sensitivity from flavor constraints, explore current con-
straints from existing multi-lepton searches, and construct a new search strategy to optimally
target these exotic, lepton-flavor violating Higgs decays.
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1 Introduction
The Large Hadron Collider (lhc) has produced millions of Higgs bosons since the 2012 discovery by
the atlas and cms collaborations [1, 2]. This growing sample allows for searches probing exotic
Higgs decays, which may provide the pathway to uncovering new physics [3]. Since the Higgs
vacuum expectation value (vev) is the order parameter of electroweak symmetry breaking, the
Higgs field has a special role in the possible ways that the Standard Model can couple to otherwise
inaccessible new particles. Our current data about the Higgs sector may easily accommodate an
O (10%) branching fraction into exotic final states. In fact, many possible exotic final states could
be discoverable even if only a few Higgses decay that way over the lifetime of the lhc, e.g. [3, 4].
Hidden sectors [5] can provide a very simple origin for an exotic Higgs decay. One of the
most compelling reasons to consider the addition of a hidden sector onto the Standard Model is
dark matter. For example, dark matter may interact with visible matter through a lower-mass
mediator [6–8]. The dark matter–mediator coupling can be fixed to yield the observed dark matter
abundance through thermal freeze out. On the other hand, the couplings of the mediator to visible
matter only needs to be large enough to account for the observed dark matter relic abundance. This
can easily be small enough to avoid laboratory-based experimental bounds [9,10]. Independent of
any connection to dark matter, the possible existence of low-mass particles that interact weakly
with visible matter may be tested through their interactions with the Higgs. In fact, for many
low-energy coupling structures such a connection to the Higgs may be mandated by electroweak
gauge invariance.
The discovery of lepton flavor violating (lfv) couplings in the charged lepton sector would
be a striking indication of physics beyond the Standard Model. The possibility of additional lfv
contributions beyond neutrino mixing is especially tantalizing in the wake of various flavor physics
anomalies involving leptons. Among these anomalies are the lepton flavor universality violation in
RK(∗) and RD(∗) [11,12], the proton radius puzzle [13], and the long standing anomalous magnetic
moment of the muon [14]. All of these have received various hidden sector explanations, see
e.g. [15–20]. There are, of course, many other observables that have so far proven consistent with
Standard Model expectations, such as muonium oscillation, µ− → e−e+e− [21], or τ → µγ [22],
that provide stringent constraints on possible new physics.
A largely unexplored scenario is that of a light, spin-0 particle ϕ that interacts with the Standard
Model through lfv couplings to charged leptons [23]. This has been studied [23] in the context of
fitting the γ-ray excess in the galactic center [24–41].1 When this scalar is lighter than the Higgs,
it is possible for the Higgs to decay through an exotic four-lepton channel, where h→ `+`′−ϕ→ 4`
or h → ϕ∗ϕ → 4`. In the case of prompt ϕ decays, this exciting signature does not yet have any
dedicated search. Existing searches for displaced vertices probe down to O(100 µm), corresponding
to coupling strengths . 10−6 for an 10 GeV mediator; however, they are not optimized for this
signature. Further, despite the simplicity of the model, there are exotic four-lepton signatures,
e.g. e+e+µ−µ−, that can naturally emerge easily, but that have thus far skirted systematic signature
classification programs, see e.g. [3, 44, 45].
In addition to the potential collider signatures, this model of a scalar with lfv couplings could
explain the outstanding discrepancy in the muon anomalous magnetic moment [14,23]. A separate
dedicated collider study of this model focused on a mediator that is heavier than dark matter and
the decay of the Standard Model-like Higgs boson to τµ [46]. Recent complementary studies have
1For the current status of this anomaly, we refer to recent statistical analyses supporting either a possible dark
matter [42] or point source [43] interpretation. The proposed collider search in this manuscript is independent of
the ultimate interpretation of the γ-ray excess.
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explored displaced vertices [47] and signals at future e+e− colliders [48]. We note that our focus
is distinct from the extensively studied flavorful dark sector scenarios in which both the mediator
and dark matter carry flavor charges, e.g. [49–52].
In this paper we examine the collider phenomenology of a scalar that is produced in decays of
the Higgs and then subsequently decays through an exotic lfv coupling. The low-energy model
is detailed in Section 2. Section 3 explores flavor constraints both when only a single off-diagonal
coupling is present, and when multiple couplings are present simultaneously. Collider signatures
are explored in Section 4. To ascertain the current constraints, we present a phenomenological
study of this signal based on a recast of a cms search for exotic multi-lepton final states [53] in
Section 4.1. We then design a dedicated search that would capitalize on the unique kinematics
to greatly enhance sensitivity to the model in Section 4.2. We comment on long-lived decays
in Section 4.3 and conclude in Section 5. We also provide several simple uv completions for the
low-energy theory in Appendix A, and review the chiral structure of these couplings in Appendix B.
2 A simplified model of lepton-flavor violating mediators
We focus on the flavor-violating couplings of charged leptons to a gauge singlet scalar mediator, ϕ.
This mediator may be real or complex. In this section, we discuss the low-energy model and the
electroweak gauge-invariant effective theory. Appendix A describes some simple uv completions.
2.1 Low-energy couplings to leptons
For this study, we make the reasonable assumption that any additional hidden sector particles,
e.g. dark matter, do not influence the multi-lepton Higgs decays of interest. This can be accom-
plished easily if, for instance, the other dark sector particles are heavier than the mediator. The
interactions of ϕ with charged leptons ` are encoded in the effective Lagrangian terms,
L ⊃ (yij ¯`iPL`jϕ+ y∗ij ¯`jPR`iϕ∗)+ (y′ij ¯`iPR`jϕ+ y′∗ij ¯`jPL`iϕ∗) , (2.1)
where i, j index charged lepton flavor mass eigenstates (1 = e, 2 = µ, 3 = τ). See Appendix B
for a brief review of the relevant chiral structure. The terms within each parenthesis are related
by complex conjugation. When ϕ is real, the y′ terms are redundant and should be removed.
Throughout most of this work, we assume that either yij or y
′
ij is non-zero for a specific pair of
distinct flavors, i 6= j, and all other couplings are either exactly zero or negligibly small. For
example, if we choose y12 to be non-zero, then yij = 0 for all i 6= 1 and j 6= 2, and y′ij = 0 for all
i and j. The absence of the diagonal coupling is relevant for the suppression of flavor constraints
on the model.2
The scalar ϕ may also have a self-interaction potential. These interactions are largely irrelevant
for this study, with one notable exception: that we assume that ϕ does not acquire a vev. Such
a vev would shift the Standard Model charged lepton mass eigenstates and introduce mixing. In
practice, a violation of the assumption would complicate the model, but for a sufficiently small
vev the salient features of the exotic Higgs decays would be largely preserved and would not
appreciably disrupt the behavior of the Higgs. However, the misalignment of mass and Higgs
interaction eigenstates could potentially generate sizable contributions to lfv observables.
2Elements that we set to zero at tree-level are generated at loop-level by the charged lepton violation of the
Standard Model, but these processes are suppressed by neutrino masses and are phenomenologically irrelevant to
this study.
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2.2 Gauge-invariant effective theory
Due to the chiral nature of electroweak symmetry, the interactions of (2.1) are not SU(2)L×U(1)Y
gauge invariant. Those interactions must be generated by higher-dimension operators that include
the Higgs at the electroweak scale. The operators with the lowest possible dimension are
L(EW)ϕ-lep. =
gij
Λ
L¯iHEj ϕ+
g′ij
Λ
L¯iHEj ϕ
∗ + h.c., where y(
′)
ij =
g
(′)
ij
Λ
v√
2
, (2.2)
H is the Higgs doublet, Li, the lepton doublet of flavor i, and Ej, the lepton singlet of flavor j,
are expressed in the mass eigenbasis, i.e. the Standard Model Yukawas are diagonal, Λ is a mass
scale associated with the ultraviolet physics generating that these interactions, and the g(
′) are
dimensionless effective couplings. The low-energy couplings in (2.1) are generated upon inserting
the Higgs vev, 〈H〉 = (0 , v/√2). In a case where yii 6= 0, these interactions generate tadpole
term for ϕ through the Higgs [54]. Such a tadpole term would destabilize the ϕ potential and
necessarily generate a vev. However, this two-loop tadpole is small enough that it would only
minimally impact phenomenology.
Gauge invariance constrains the form of the scalar potential between ϕ and the Higgs:
Vϕ-H = κH
†Hϕ∗ϕ+
(
m2ϕ − κ
v2
2
)
ϕ∗ϕ . (2.3)
For the purposes of this study, we may ignore the quartic ϕ self-interactions. For real ϕ, there is
an additional factor of one-half in (2.3), i.e. Vϕ-H → Vϕ-H/2.
The underlying dynamics that generate the dimension-5 operators in (2.2) are not relevant for
the present study. As a proof of principle, we present three classes of renormalizable theories that
generate (2.2) above the electroweak scale in Appendix A: vector-like leptons, Froggatt–Nielsen
fields, and R-parity violating supersymmetry. These do not require any additional light fields,
so that it is consistent to examine the Higgs phenomenology of (2.2) independently of a specific
ultraviolet completion.
3 Flavor Constraints
Spurious symmetries are a powerful tool in flavor physics [55,56]. When ϕ is complex, the interac-
tions respect a spurious global Li − Lj symmetry under which the mediator is charged, [ϕ] = −2.
This symmetry prohibits many charged lepton-flavor violating tree-level processes [57]. The sym-
metry is explicitly broken by interactions with the W -boson so that higher-order flavor violating
processes are suppressed by a loop factor and the ratio of the neutrino and W -boson masses;
see Appendix B. When ϕ is real, there is no such spurious Li − Lj symmetry preserved by the
interactions. In other words, a real field cannot carry a U(1) charge.
In this section, we first examine the flavor constraints where only the single, off-diagonal cou-
pling is non-zero. We then explore the flavor constraints in cases with multiple non-zero couplings.
3.1 Pure off-diagonal, single coupling
The limit where the ϕ has only a single off-diagonal flavor coupling is protected from charged
lepton-flavor violating processes, insulating the model against most constraints. We briefly review
the relevant constraints and refer to Section 5.4 of Ref. [23] for an in-depth discussion.
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A mediator with purely lfv interaction can mediate potentially dangerous tree-level charged
flavor violation in one notable case: the muonium system, a bound state of an electron and an
anti-muon. When ϕ is real and couples to muons and electrons, it may mediate muonium–anti-
muonium oscillations [58]. By recasting bounds on R-parity violating sneutrinos [59], one obtains
a strong bound,
y21 , y12 < 4.4× 10−4
( mϕ
GeV
)
[90% cl] (ϕ real) . (3.1)
When ϕ is complex, the Lµ − Le spurious symmetry prevents this process at tree-level.
A bound that applies for both real and complex ϕ comes from the interference of t-channel ϕ
exchange to the forward–backward asymmetry of e+e− → ff¯ scattering [60],
AfFB =
σ>(e
+e− → ff¯)− σ<(e+e− → ff¯)
σ>(e+e− → ff¯) + σ<(e+e− → ff¯)
. (3.2)
Unlike the coupling constraints for muonium oscillation, these bounds hold for real or complex ϕ.
One may recast the AfFB bounds on sneutrino interactions [61, 62] to the case of a lepton-flavor
violating mediator, which yields
y
(′)
21 , y
(′)
12 < 2.5× 10−3
( mϕ
GeV
)
y
(′)
31 , y
(′)
13 < 1.1× 10−3
( mϕ
GeV
)
[95% cl] , (3.3)
while there are no constraints for y
(′)
23 , y
(′)
32 .
The spurious flavor symmetry also prevents tree-level contributes to rare multi-body lepton
decays, `i → `j`k ¯`k and `i → `j`k ¯`kνν¯. When ϕ is real, this process is still prohibited at tree-level
because a ϕ emitted by the initial heavy lepton must yield another lepton of the same heavy flavor.
In other words, ϕ does not contribute at tree-level to these decays in the absence of a flavor-diagonal
coupling to the lighter lepton. Flavor-changing dipole operators in this scenario are down by a
loop factor from the Standard Model contribution that is itself suppressed by neutrino masses. As
ϕ is hadrophobic, µ→ e conversion in the presence of nuclei only occurs at loop-level and, again,
requires neutrino masses to violate flavor in the loop.
In summary, the models with a real ϕ with e and µ are constrained by muonium oscillations
(3.1). For either real or complex ϕ interacting with electrons, the primary single-coupling bound
comes from precision measurements of lepton forward–backward asymmetries at lepton colliders
(3.3). Otherwise, the single-coupling limit of this model produces negligible signals at traditional
charged lepton-flavor violation experiments. There are no appreciable constraints on ϕ coupling
with just the µ and τ .
3.2 Multi-coupling
Section 3.1 shows that precision flavor constraints only moderately impact the single, off-diagonal
coupling limit of the ϕ. For a more general flavor structure, additional lepton flavor-violating
constraints can enter. Given that our scalar is assumed to connect only to the leptonic sector, the
primary observables that constrain the model are the exotic decays `i → `jγ and `i → `j`k`l. To
estimate the effect of relaxing the single-coupling assumption, we examine the effect of turning on
an additional coupling.
One of the most promising channels to observe lepton flavor violation is the radiative decays
of leptons. The lfv radiative decay branching ratio for a lepton is [63]
Br(`i → `jγ) = 1
Γi
αemm
5
i
64pi4
(|CL|2 + |CR|2) , (3.4)
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Figure 1: Constraints on the coupling
∣∣y∗ijykl∣∣ as a function of mass. Left: lfv constraints from
τ decays. Right: lfv constraints from µ decays.
where, in this model, the Wilson coefficients can be expressed as
CL =
∑
k
F (mi,mk,mj,mϕ, y) and CR =
∑
k
F (mi,mk,mj,mϕ, y
†) (3.5)
for the loop function
F (mi,mk,mj,mϕ, y) =
∫ 1
0
dxdydzδ(1−x−y−z)xzmjyjky
∗
ik + yzmiy
∗
kjyki + (x+ y)mky
∗
kjy
∗
ik
4mi
(
zm2ϕ − xzm2j − yzm2i + (x+ y)m2k
) . (3.6)
The measured bounds on these processes for the τ decays are Br(τ → µγ) < 4.4 × 10−8 and
Br(τ → eγ) < 3.3 × 10−8 from BaBar [22], and Br(µ → eγ) < 4.2 × 10−13 from the meg
experiment [64]. In the near future, Belle ii [65] and meg-ii [66] are expected to improve on these
constraints.
The decay of a lepton into three lighter leptons, `−i → `−j `+k `−l , can be facilitated through
tree-level ϕ exchange. The amplitude for these decays can be written
Mijkl =
[
u¯(pi)
(
y∗ijPL + yjiPR
)
u(pj)
]
[v¯(pk) (y
∗
klPL + ylkPR)u(pl)]
m2kl −m2ϕ + imϕΓϕ
+ δjl {j ↔ l} (3.7)
with the invariant masses m2ij ≡ (pi + pj)2. After squaring and spin averaging, the final branching
fraction into three leptons can be computed as
Br(`−i → `−j `+k `−l ) =
1
Γi
∫ |Mijkl|2
512pi3m3i
dm2jkdm
2
kl. (3.8)
Belle places the most stringent constraints on all τ− → `−j `+k `−l branching fractions [67], while the
6
Figure 2: The branching ratio of Left: h→ ϕϕ∗ and Right: h→ ϕ e−µ+ processes as a function
of κ (left) and y12 (right) for various masses of ϕ. The dashed curves are for the cases with real ϕ.
µ− → e−e+e− bound is from sindrum [21]:
Br(τ− → µ−µ+µ−) < 2.1× 10−8, Br(τ− → µ−µ+e−) < 2.7× 10−8,
Br(τ− → µ−e+µ−) < 1.7× 10−8, Br(τ− → µ−e+e−) < 1.8× 10−8,
Br(τ− → e−µ+e−) < 1.5× 10−8, Br(τ− → e−e+e−) < 2.7× 10−8,
and Br(µ− → e−e+e−) < 1.0× 10−12.
Belle ii [65] and Mu3e [68] are expected to improve these limits considerably.
The most stringent constraint for each combination of two couplings is shown in Fig. 1. Re-
stricting to two of nine couplings in y, allows us to directly bound
∣∣y∗ijykl∣∣.3 In comparing these
constraints, one should consider that
∣∣y∗ijykl∣∣ is constrained here, whereas in the Section 3.1, the
limits are presented on a single power of yij. Most of the flavor constraints admit a large parameter
space that allows for prompt decays. Unsurprisingly, coupling combinations that involve only the
first and second generation are more tightly constrained.
4 Collider
In this section, we explore the collider sensitivity to the lfv scalar model. We recast a multi-
lepton search by the cms experiment, propose a dedicated search, and comment briefly on the
model when ϕ is a long-lived particle.
The model outlined in Section 2 allows for two possible exotic Higgs decays into the lfv scalar.
The pertinent terms of the Lagrangian are
L ∼
(
yij
v/
√
2
L¯iHEj ϕ+ h.c.
)
+ κH†Hϕ∗ϕ. (4.1)
3If yii is complex, the contributions in (3.6) depend on the phase of yii. However, it is difficult to induce
qualitative changes to limits by modifications to this phase. We present real yii in expressing the limits.
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Model ϕ Coupling Final States
Ceµ C y12 6= 0 e+e−µ+µ−
Cµτ C y23 6= 0 µ+µ−τ+τ−
Reµ R y12 6= 0 e+e+µ−µ−
Rµτ R y23 6= 0 µ+µ+τ−τ−
Table 1: The four pure off-diagonal, single-coupling models considered in this section. In the cases
with real ϕ, the opposite-sign cases appear with equal frequency to the more striking same-sign
cases listed. We expect y13 6= 0 models to have very similar exotic Higgs decay phenomenology to
the analogous y23 6= 0 model.
The first term in (4.1) introduces both the decay, ϕ→ `+i `−j , and the Higgs decay mode, h→ ϕ`+i `−j .
Despite the minimality of this option, a more compelling pathway comes from the marginal operator
of the second term. This generates the h→ ϕϕ∗ decay. The Higgs decay widths for these processes
are
Γh→ϕ`+i `−j =
y2ij
128pi3m3hv
2
∫ [
m2ij − (mi +mj)2
]
dm2ϕi dm
2
ij (4.2)
Γh→ϕϕ∗ =
κ2v2
16pimh
√
1−
(
2mϕ
mh
)2
, (4.3)
where there is an extra factor of 1/2 in the second line for the case with real ϕ. Fig. 2 shows the
branching ratio of the Higgs with Standard Model-like partial width into h→ ϕϕ∗ and h→ ϕ`+i `−j
as a function of the couplings in (4.1) for three choices of mϕ.
The first term in (4.1) permits the decay of ϕ into two charged leptons of different flavors.
When ϕ is complex, the spurious Li − Lj symmetry prevents the Higgs decays from producing
same-sign lepton pairs, e.g. ϕ→ e+µ− and ϕ∗ → e−µ+. On the other hand, when ϕ is real, there
is no such symmetry and each ϕ decays with equal probability into either sign, e.g. ϕ→ e+µ− or
e−µ+. Thus, a real ϕ means that Higgs decays can yield exotic same-sign lepton pairs.
In the pure off-diagonal, single-coupling case, we explore four different models based on whether
ϕ is a real or complex scalar, and on what coupling y12 or y23 is non-zero. We expect the collider
phenomenology of the y13 case to be very similar to the y23 case, and do not study it in further
detail here, but we note that (3.3) bounds y13. We list the final states generated for each scenario
in Table 1. Throughout this section, we assume the off-diagonal Yukawa coupling that enables the
ϕ decay is large enough for a prompt signature. This requires yij & 10−6. This implies that the
new physics generating the dimension-5 operators may not be to far above the PeV scale.
Even when the lfv couplings are small, they could potentially generate an additional lfv
signature from ϕ-strahlung off of produced lepton pairs. Notably, one could have the decay Z →
ϕ`+i `
−
j . Unless ϕ is very light, the Z is the only potentially sizable production pathway beyond
Higgs decays. As we will illustrate in Section 4.1, Z production is always subdominant to the
Higgs pathways.
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Model Quartic Process (pp collider) Range of mϕ
Ceµ, Cµτ
κ 6= 0 h → ϕ+ ϕ∗ → `+i + `−i + `+j + `−j [5 – 60] GeV
κ = 0 h → ϕ+ `+i + `−j → `+i + `−i + `+j + `−j [5 – 120] GeV
κ = 0 Z → ϕ+ `+i + `−j → `+i + `−i + `+j + `−j [5 – 90] GeV
Reµ, Rµτ
κ 6= 0 h → ϕ+ ϕ → `+i + `+i + `−j + `−j [5 – 60] GeV
κ = 0 h → ϕ+ `+i + `−j → `+i + `+i + `−j + `−j [5 – 120] GeV
κ = 0 Z → ϕ+ `+i + `−j → `+i + `+i + `−j + `−j [5 – 90] GeV
Table 2: The different channels considered in our analysis, along with the ranges of the masses for
ϕ. For κ = 0, we ignore the interference between the h- and Z-mediated channels.
4.1 Multi-lepton search limits
We present the limits from a recasted search for multi-lepton signals by the cms experiment [53]
corresponding to an integrated luminosity of 19.5 fb−1 at
√
s = 8 TeV. We consider this specific
search as it contains bins with no missing energy requirement, arbitrarily low ST , and fairly soft
cuts on lepton pT . The overwhelming majority of available multi-lepton searches fail to satisfy one
or more of these conditions [69–73]. There are also searches for a Higgs decaying into four leptons
via two pseudoscalars performed at the Tevatron [74] and the lhc [75–77]. However, in each of
those searches the new particle is assumed to decay into same-flavor lepton pairs.
We simulated the production of multi-lepton final states in our model assuming the same
event selection criteria as Ref. [53]. The model is implemented in FeynRules [78, 79], and we use
MadGraph-5 [80] to generate the parton level events. These events are fed into PYTHIA-8 [81] for
showering and hadronization using CTEQ6L1 as the parton distribution function and FastJet-3 [82]
for jet reconstruction. The program used for the collider analysis is available on GitHub.4
We consider four-lepton production through three different processes for each of the models as
listed in Table 2 (see Fig. 3). In addition to the same-sign process shown, the cases with real ϕ
have the opposite-sign final states included when we derive the bounds in Fig. 4.
A summary of the cuts implemented from Ref. [53] are presented in Table 3. Lepton iden-
tification is modeled using the quoted cms id efficiencies in Ref. [83] for electrons and muons,
and assuming a 70% efficiency for the hadronic taus [53]. The momenta of leptons are corrected
using the cms detector resolution for electron momentum [84] and assuming a resolution of 1%
in the barrel (|η| < 0.9), 3% in the endcaps (1.2 ≤ |η| ≤ 2.4), and 2% in the overlap region
(0.9 ≤ |η| < 1.2) for muons [85]. The events that pass the cuts are then classified based on the
number of leptons (N`), hadronically decaying taus (Nτh), and the number of opposite-sign same-
flavor leptons (NOSSF). The events are further binned according to their ST values, which is the
sum of the missing transverse momentum and the scalar sum of the pT of all jets and charged
leptons. If there exists an ossf lepton pair for which 75 GeV < m`+`− < 105 GeV, the events
are categorized as on-Z, otherwise they are labeled off-Z. When N` = 3, the off-Z region is
additionally divided into m`+`− < 75 GeV and 105 GeV < m`+`− .
4https://github.com/ZAKI1905/Pheno
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Figure 3: Feynman diagrams for the processes listed in Table 2: The dominant diagram for the
case with a non-zero quartic coupling κ 6= 0 (left), the main decay channels involving the Higgs
(middle), and Z boson (right) in the case with κ = 0.
Objects Conditions
e+e−, µ+µ− m`+`− > 12 GeV
e, µ
pleadT > 20 GeV
psubT > 10 GeV
|η| < 2.4∑
R(`,i)<0.3
EiT < 2 GeV
τh
pT > 20 GeV
|η| < 2.3∑
0.1<R(τh,i)<0.3
EiT < 2 GeV
jets
pT > 30 GeV
|η| < 2.5
∆R(jet, `) > 0.3
Table 3: Summary of the cuts implemented in our simulation [53]. Jets are reconstructed using
the anti-kT algorithm [86] with a distance parameter R = 0.5, and ` in the last row stands for the
isolated electron, muon, or τh candidates.
In order to use the cms results to constrain our models, we apply the following procedure. In
each bin, we use a Poisson distribution for n events given an expected rate of  · L · σ +B:
P (n ;  · L · σ +B) = e
−(·L·σ+B)
n!
( · L · σ +B)n (4.4)
where  and B are the signal efficiency and the expected background in that specific bin respec-
tively, L = 19.5 fb−1 is the integrated luminosity, and σ is the cross-section for the process under
consideration. This cross-section can be written as
σ = σ(pp→ X) · Br(X → 4l) X = h, Z (4.5)
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Figure 4: Limits on the branching ratio at 95% cl for the processes listed in Table 2. Left: The
limits on the branching ratio from the Higgs-mediated channels (solid) in the case with κ = 0.
The limits on Z-mediated channels are translated into the equivalent limits on Br(h→ ϕ``′) using
their analytical expressions in 4.8 (dashed). Right: The limits for the case with a non-zero
quartic coupling κ 6= 0.
where we use the 8 TeV cross-sections σ(pp→ h) = 24.2 pb [87], σ(pp→ Z) = 34.17 nb [88], and
Br is the branching ratio on which we want to set the limit. The total likelihood is
L =
∏
i
e−(i·L·σ+Bi)
ni!
(i · L · σ +Bi)ni · PLN(Bi|B¯i, δBi) , (4.6)
where the product is over the bins. We model the systematic uncertainty associated with the
background prediction as log-normal functions PLN(Bi|B¯i, δBi) for the measured value Bi, which
depends on the expected value B¯i and an uncertainty δBi. We use the hybrid Bayesian–frequentist
approach [89] to marginalize the nuisance parameters by integrating over the background (Bi)
errors. We then use this marginal likelihood (Lm) to form the log-likelihood ratio test statistic
defined as
Q = −2 log
(
Lm(s+ b)
Lm(b)
)
. (4.7)
We calculate limits using the cls [90, 91] method. We utilize a toy Monte Carlo technique to
find the one-sided p-value of the observed data in the signal-plus-background and background-only
hypotheses, denoted by ps+b = P (Qs+b ≥ Qobs) and pb = P (Qb ≤ Qobs) respectively. We define cls
to be cls = ps+b/(1− pb). We set upper limits on Br at 95% confidence by requiring cls < 0.05.
We summarize the limits derived from this method in Fig. 4.5. Bounds on channels with τ final
states are constrained to roughly the level of Br ∼ 10−2, while the eµ channels are constrained to
the level of Br ∼ 10−4. In the τ cases, most of the events fall into higher background bins, notably
the 3-leptons, 1-τh and 1-ossf (0-ossf) of Ref. [53] for Model Cµτ (Rµτ). As one would expect,
5We neglect some of the bins with lower significance to make this procedure computationally tractable.
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Model Required Final States M4 Cut Range (GeV)
Ceµ e+ e− µ+ µ− 120− 130
Cµτ τ±h e∓ µ+ µ− 80− 120
Reµ e+ e+ µ− µ− 120− 130
Rµτ τ−h e− µ+ µ+ 80− 120
Table 4: The four pure off-diagonal, single-coupling models considered in this section. The
opposite-sign final states in model Reµ and Rµτ are included in our analysis.
the real ϕ models (Reµ and Rµτ) are more constrained than their complex ϕ counterparts. The
limits from Z-mediated processes are scaled into the Higgs Br parameter space using:
Br(H → ϕ`1`2) = BR(Z → ϕ`1`2) · Γ(Z → ϕ`1`2)
Γ(H → ϕ`1`2) ·
Γh
ΓZ
(4.8)
where we have used Γh = 4.07 MeV [87], ΓZ = 2.49 GeV [92] as the decay widths of the Higgs and
Z-boson, respectively.
4.2 A dedicated Higgs search
We present a targeted method to probe the parameter space of lepton-flavor violating mediators at
the lhc with
√
s = 13 TeV and a luminosity of 150 fb−1. In section 4.1, we showed that the limits
from Z-boson-mediated diagrams are much weaker than those from the Higgs-mediated processes.
As such, we ignore them and focus on the Higgs processes in the rest of this section. We use
σ(pp → h) = 55.1 pb [87] as the 13 TeV production cross-section of the Higgs. Since the Higgs
is a resonance, we add a cut on the total invariant mass of the leptons (M4). This will boost the
signal-to-background ratio by eliminating almost all of the background events.
We follow a similar cut procedure as in Section 4.1 [53], with the exception that we now relax
the psubT cut for the sub-leading light leptons to 7 GeV instead of 10 GeV. We restrict our study
to signatures with four leptons successfully identified at the collider. In τ systems, we require one
hadronically decaying τh and one leptonic tau with the different flavor than the other two hard
leptons. For example, for non-zero y23 coupling we require an electron. We additionally impose a
Z-window cut on ossf pairs of |mZ −m`+`− | > 15 GeV and apply a final cut on the total invariant
mass (M4) as defined in Table 4.
We can use the number of events passing all of the cuts to place limits on the branching ratios.
However, the signal-to-background ratio can be further boosted by binning the events with respect
to the lepton pair invariant masses (ml+1 l
−
2
,ml+3 l
−
4
) in cases with κ 6= 0 (see Fig. 3). In model Ceµ,
we can record the invariant masses of e+µ−, e−µ+ pairs. For model Reµ there is an ambiguity
when matching the leptons since there are two ways e − µ can be paired. We expect the correct
combination to have the same invariant masses (mϕ) in an ideal measurement. Therefore, from the
two possible combinations (a, b) we choose the one with the minimum difference in the invariant
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Figure 5: The distribution for invariant masses of (τh, µ) and (e, µ) pairs in model Cµτ for the
case with κ 6= 0 for both signal (red) and background channels prior to (left) and after (right)
the scaling procedure. In each figure, the mass for both (τh, µ) and (e, µ) are shown.
masses:
a : ma1 = me+1 µ
−
1
, ma2 = me+2 µ
−
2
, ∆ma = |ma2 −ma1|
b : mb1 = me+2 µ
−
1
, mb2 = me+1 µ
−
2
, ∆mb = |mb2 −mb1 |
−→ ∆m = Min(∆ma,∆mb).
(4.9)
In model Cµτ , the invariant masses of the lepton pairs are less than mϕ due to the missing
energy in τ decays. In order to approximately correct for this missing energy, we perform a
momentum scaling of the decay products as described below. Assuming that the τs are highly
boosted, the missing and visible momenta from the τ decay (pmissτ and p
vis
τ , respectively) are
approximately collinear. Therefore, the true τ momentum can be written as pτ = p
miss
τ + p
vis
τ =
α pvisτ , where α is a scaling constant that we wish to determine. This visible momentum (p
vis
τ ) is
equal to the electron’s momentum (pe) in the case of leptonic τ decays, i.e. τ → eν¯eντ , so we
implement a scaling of the τ±h , e
∓ four-momenta:
pvisτh −→ pτh = ατhpvisτh ατh =
(
mX
mτhµ
)2
(4.10)
pvisτ` = pe −→ pτ` = αepe αe =
(
mX
meµ
)2
. (4.11)
We can determine mX , which can be identified with mϕ, by imposing the total invariant mass
constraint,
Inv(e′, µ, τ ′h, µ) ≈ mh = 125 GeV , (4.12)
where the four-momenta for e′ and τ ′h are scaled as in (4.10). After solving (4.12) for m and
plugging it back into (4.10), we derive the scaled momenta and use them for binning the events.
This scaling is justified because in the relativistic limit for the e−µ pair, we have meµ ≈
√
2 pe · pµ.
A scaling of pe by αe results in a scaling
√
αe in meµ. As for the τh−µ pair, the ratio of the scaled
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Model Process Signal Region (GeV)
Ceµ h→ ϕϕ∗ me+µ− and me−µ+ ∈ [mϕ − 3,mϕ + 3]
Ceµ h→ ϕe+µ− me+µ− or me−µ+ ∈ [mϕ − 3,mϕ + 3]
Cµτ h→ ϕϕ∗ m′
τ±h µ∓
and m′e∓µ± ∈ [mϕ − 5,mϕ + 5]
Cµτ h→ ϕτ+µ− All values of mτ±h µ∓ and me∓µ±
Reµ h→ ϕϕ∗ me+µ− and me+µ− ∈ [mϕ − 3,mϕ + 3]
Reµ h→ ϕe+µ− All values of me+µ− and me+µ−
Rµτ Both All values of mµ+τ−h and mµ+e−
Table 5: Definition of signal bins used to place limits on the branching ratios in each case. For
the ossf events in model Reµ and Rµτ , we use the corresponding definition from model Ceµ and
Cµτ .
invariant mass (pτh + pµ)
2 = m′2τhµ to the unscaled invariant mass (p
vis
τh
+ pµ)
2 = m2τhµ is:(
m′τhµ
mτhµ
)2
≈ α
2
τh
m2τh + 2ατhpτh · pµ
m2τhµ
≈ ατh +
(
mτh
mτhµ
)2
ατh(ατh − 1) . (4.13)
If we take mτhµ ≈ 10 GeV and also assume that the scaling factor is close to one, the sub-leading
terms in (4.13) are much less than 10−3. The result of this scaling for a sample case (mϕ = 40 GeV)
is shown in Fig. 5. This scaling method is exceptional at sharpening the signal without inducing
any spurious focusing of the background distribution.
In model Rµτ , due to the missing energies we can no longer resolve the ambiguity in matching
the leptons by using the invariant masses, so we simply use the number of events passing all the
cuts to set limits in this case. However, the scaling procedure outlined above can still be performed
to find the location of a bump, i.e. mϕ, in the event of an excess. The scaling should be done
for both possible combinations of (τh − µ, e − µ) pairs. The solutions to (4.12), α1,2µ,τ , must be
checked. If either ατh or αe in a combination is less than one, the combination is incorrect and is
discarded. The cases with more than one correct scaling combination are ambiguous, but the mϕ
feature should still emerge clearly. Alternatively, one could use only the unambiguous set of scaled
invariant masses to determine the mediator mass.
The scaling method works well for h → ϕϕ∗, but it is not able to enhance sensitivity to the
h → ϕ`+i `−j signals as there is only a single resonance. However, as can be observed on the left
side of Fig. 5, the distribution does create a kinematic endpoint in the invariant mass which could
be used to ascertain the internal resonance mass.
We consider three background channels for model Ceµ and Reµ: (a) pp→ e+e−µ+µ−, (b) tt¯Z,
(c) W+W−Z, where t → Wb, and W/Z bosons decay leptonically. The dominant background in
model Ceµ is from pp→ e+e−µ+µ−, while the 2-sssf background in model Reµ is negligible. For
model Cµτ and Rµτ , we analyzed the background from (a) pp→ µ+µ−τ+τ−, (b) τ+τ−τ+τ−, (c)
tt¯Z, (d) W+W−Z processes. The background originating from jets misidentified as τh (“fake taus”)
in three main channels (a) tt¯W , (b) WZ, (c) tt¯Z are also included. In order to estimate this fake
background, we first generate events with n jets + 3 light leptons final states with FastJet-3 [82]
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Figure 6: Limits on the branching ratio at 95% cl for the models listed in Table 1 in the case
with a non-zero quartic coupling κ 6= 0 (top), and a zero quartic coupling κ = 0 (bottom). The
dashed curves are cms results at 8 TeV [53]. The dot-dashed curves are the same results scaled
using (4.15). The thick curves correspond to our search proposal at
√
s = 13 TeV, and a luminosity
of 150 fb−1. The bottom two figures show the excluded region from the most relevant lepton-flavor
violating searches in the eµ cases. The µτ cases are unconstrained.
using anti-kT algorithm [86] with a distance parameter R = 0.4. We then form a set of n events
corresponding to each jet, which are weighted using the jet→ τh misidentification rate [93], which
is typically of O (1%). Finally, we normalize the background events in all cases by
w =
L · σ
N
·K (4.14)
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where σ is the production cross-section for each specific background channel at
√
s = 13 TeV and
we take L = 150 fb−1. We also assume the K-factor ∼ 1.7 [94] to correct for the nnlo effects. The
distribution of invariant masses of τh − µ and e − µ pairs (for both signal and background) with
an example choice of parameters in model Cµτ are shown in Fig. 5. It can be seen that the cut
procedure eliminates most of the background events in this case, and similarly in other models.
We follow the same statistical methods to set limits on the branching ratios, with a different
binning procedure. We used one bin for models with ossf signatures, and two bins for model Reµ
and Rµτ , i.e. for the ossf and sssf contributions. The definition of these signal bins is presented
in Table 5.
In Fig. 6, we summarize the projected limits from our search proposal, reproduce the cms
search at
√
s = 8 TeV [53] (Section 4.1), and add to these the same cms limits na¨ıvely projected
to
√
s = 13 TeV and 150 fb−1. These projected cms bounds are estimated by
BR13 = BR8 ·
√
19.5 fb−1
150 fb−1
· σ8(pp→ h)
σ13(pp→ h) (4.15)
where σ13(pp→ h) = 55.1 pb [87], and σ8(pp→ h) = 24.2 pb [87].
4.3 Long-lived LFV scalars
Throughout this work, we have assumed that ϕ decays promptly in the detector. In principle, it
could be long-lived and yield a displaced signature in the detector. The lifetime of ϕ is
Γ(ϕ→ `+i `−j ) =
mϕ
16pi
[
(|yij|2 +
∣∣y′ij∣∣2)(1− r2i − r2j )− 4rirjRe(y∗ijy′ij)]λ1/2(1, r2i , r2j ), (4.16)
where ri = m`i/mϕ and λ(a, b, c) = a
2 +b2 +c2−2(ab+bc+ac) is the phase space factor. Assuming
a single, off-diagonal coupling yij 6= 0, the characteristic displacement scale is
cτϕ ≈ 500 µm
(
10 GeV
mϕ
)(
10−6
|yij|
)2 λ−1/2(1, r2i , r2j )
1− r2i − r2j
. (4.17)
Targeted searches are typically much more sensitive to long-lived particles than their prompt
counterparts. This is especially true with leptons, as impact parameter criteria designed to remove
cosmic muons, material interactions, and other rare backgrounds run the danger of removing
these non-prompt leptons from the signal entirely [95,96]. Many lhc searches exist for long-lived
particles. Of those in the lepton channels, the pT requirements at the trigger level can be quite
harsh, removing sensitivity to Higgs decays, e.g. [97–99], others are focused on displaced ee or µµ
signatures, e.g. [100,101], and others target fairly specific signatures [102]. Recasting these studies
is beyond the scope of this work, but we note that scalars with an lfv decay in these models can
easily be displaced and are not optimally constrained by existing searches.
5 Conclusion
Exotic Higgs decays are one of the most promising places to uncover new physics in the near future.
In order to ensure no signals gets overlooked, it is essential to have a comprehensive program. In
this work, we explored a simple model containing a new scalar lighter in mass than the Higgs that
decays into two standard model charged leptons of different flavor. Although there is substantial
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motivation to consider new physics within the lepton sector from many extant anomalies, this
specific signature had been overlooked thus far at the lhc.
At the weak scale, the lfv decay of the new scalar originates from dimension-5 operators
involving the Higgs, which also facilitates a decay path for the Higgs h→ ϕ``′. The operator can
originate from a variety of simple ultraviolet completions. The addition of a dimension-4 coupling
allows the direct decay h→ ϕϕ∗. In the case of a real scalar, this can result in an exotic signature
with two same-sign same-flavor pairs of leptons, e.g. e+e+µ−µ−.
New lfv couplings can impact many precision and flavor observables. We show that constraints
from these prove very mild if the flavorful couplings to leptons are completely off-diagonal, with
the most stringent being forward-backward asymmetries for couplings involving electrons, and
muonium oscillations for a real scalar with y12 6= 0. In the case where the alignment is not exact,
additional observables can be constraining, notably lepton radiative decays and decays into three
charged leptons. Prompt scalar decays can very easily be accommodated within these constraints.
An existing low missing energy and low ST multi-lepton search can be used to place constraints
on this model, but a dedicated search that capitalizes on the distinctive kinematics can perform
much better. In such a search, requiring a four-lepton invariant mass consistent with a Higgs parent
allows for a rejection of most of the small backgrounds. Even in the cases with taus, information
can be gleaned about the mass of the new scalar through application of kinematic end points or
by enforcing a Higgs mass constraint. While prompt signatures were the focus of this work, the
new scalars could instead be displaced. Such a striking displaced signal with relatively soft leptons
could potentially benefit from a dedicated search.
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A Renormalizable ultraviolet completions
The dimension-5 weak-scale effective operator (2.2) can emerge from renormalizable theories whose addi-
tional degrees of freedom have been integrated out. We present three simple example models that do not
introduce additional low-energy states that would influence the phenomenology.
A.1 Vector-like leptons
One of the simplest extensions is to introduce a vector-like pair of new leptons, ξL,R,
LVξ ⊃Mξ¯LξR +
[
λi L¯i ·HξR + λ′i ξ¯LEiϕ+ h.c.
]
. (A.1)
We have chosen the electroweak quantum numbers of ξL,R such that ξR and E have the same charges.
Because the new fermions form a vector-like pair, the Dirac mass M may be naturally large. The yij in
(2.1) are generated by a tree-level diagram with virtual heavy leptons. In turn, the low-energy effective
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interactions in (2.1) appear upon inserting the Higgs vacuum expectation value. For example,
=⇒ , (A.2)
where fermion arrows indicate helicity and the ϕ arrow indicates Le − Lµ charge. The effective scale
in (2.2) is then identified with the mass of the heavy fermion, Λ ∼ M . Ref. [54] recently explored the
loop-level implications of this class of ultraviolet completion. In this model, the off-diagonal nature is not
manifestly enforced. Essentially, one needs to introduce a λ and λ′ that are differently flavor directed and
well aligned with the mass eigenbasis in flavor space, e.g. λ ∼ (1, 0, 0) and λ′ ∼ (0, 1, 0).
A.2 Froggatt–Nielsen
The Froggatt–Nielsen mechanism generates the Standard Model fermion mass hierarchy by integrating
out heavy degrees of freedom that break Abelian flavor symmetries [103]. We may apply this framework
with a single U(1)X flavor symmetry and heavy scalar, S,
LFNLep. ⊃ αij L¯i ·HEj
(
S
M
)|nYij |
. (A.3)
The scalar field S has U(1)X flavor charge [S]X = −1 so that the power nYij = [L¯i]X + [H]X + [Ej ]X . We
assume α ∼ O(1), and M is the scale at which the heavy degrees of freedom were integrated out. Assume
that U(1)X is broken at roughly the scale M by 〈S〉 ≈ 0.2M . This generates the Standard Model Yukawa
hierarchy for the charged leptons. The Lagrangian in (2.2) can be generated similarly, as
LFNϕ-lep. ⊃ βij L¯i ·HEj
(
S
M
)|ngij | ϕ
Λ
+ β′ij L¯i ·HEj
(
S
M
)|ng′ij | ϕ∗
Λ
, (A.4)
where ngij = [L¯i]X + [H]X + [Ej ]X + [ϕ]X . For a review of the Froggatt–Nielsen mechanism, and a more
phenomenologically realistic example, see Ref. [23], where a product of two U(1) flavor symmetries is
implemented.
A.3 R-parity violating supersymmetry
Finally, one may directly generate (2.1) without the intermediate step (2.2) if one identifies the mediator
ϕ as a sneutrino in R-parity violating supersymmetry [104–106]:
W/Rp ⊃
1
2
∑
i,j,k
λijk Li · Lj · E¯k , (A.5)
where i, j, k are generation indices, L is the lepton SU(2)L doublet superfield, and E¯ is the electron singlet
superfield. Electroweak and flavor symmetries require this term to be anti-symmetric in {i, j}, i.e. i 6= j.
If we extract the Yukawa couplings from this term we get
LLLE¯ = λijk
[
ν˜iL e¯
k
Re
j
L + e˜
j
L e¯
k
Rν
i
L +
(
e˜kR
)∗ (
ν¯iL
)c
ejL − (i↔ j)
]
+ h.c., (A.6)
in which we can identify the mediator ϕ with the sneutrino ν˜L. In this case, the interactions with the ϕ
and the Higgs in (2.3) are generated through D-terms and soft terms [107, Eq. (2.5)].
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However, this framework suffers from two major problems. First, it is challenging to decouple the
slepton portion of the doublet from the sneutrino. A light charged slepton is fairly difficult to conceal
from a variety of searches. Second, the sneutrino itself can be amply produced through a Z boson, and,
if mν˜ < mZ/2 would appreciably correct the Z width. Fortunately, a fairly simple resolution would be
to introduce a right-handed neutrino superfield N. A small A-term HN˜L˜ would generate a slight right-
handed left-handed sneutrino mixing. This light right-handed sneutrino is a viable ϕ candidate. While
an interesting possibility, further exploration of this model is well beyond the scope of this work.
B Review of chiral structure
For clarity, we will briefly review the chiral structure of the Yukawa interaction that plays an important
role in our model. For more details than presented here, see, Martin’s 2011 tasi lectures [108] or the
comprehensive version with Dreiner and Haber [109]. A Dirac fermion Ψ is a mixture of left-handed (ψ)
and right-handed (χ¯) Weyl fermions with the same conserved charges, which can be represented in the
Dirac basis for the γ-matrices as
Ψ =
ψ
χ¯
 Ψ¯ ≡ Ψ†γ0 = (χ ψ¯) . (B.1)
In this notation, barred (unbarred) Weyl spinors are understood to be right-(left-)handed. Complex
conjugation converts a left-chiral fermion into a right-chiral anti-fermion, so one may consider χ¯ = χ†
where χ is the left-handed cp conjugate of χ¯. Note that left- and right-chiral spinors have different
indices6 that cannot be contracted with one another as they are in different induced representations of
the Poincare` group. We explicitly decompose a Dirac electron field, e, into its Weyl components eL and
eR:
e =
eL
e¯R
 e¯ = (eR e¯L) . (B.2)
The subscripts L,R differentiate two fundamentally different fields in the Standard Model.
• eL is a left-handed electron with charge Q = −1 that is part of an electroweak doublet.
• e¯L is its conjugate, a right-handed positron (Q = +1) that is part of an electroweak doublet.
• e¯R is a right-handed electron with charge Q = −1 that is an electroweak singlet.
• eR is its conjugate, a left-handed positron (Q = +1) that is an electroweak singlet.
The Dirac muon field µ can be analogously decomposed into Weyl µL,R and µ¯L,R fields. With respect to
these Weyl fermions, the interactions in (2.1) are
y12e¯PLµϕ = y12eRµLϕ y
′
12e¯PRµϕ = y
′
12e¯Lµ¯Rϕ (B.3)
(y12e¯PLµϕ)
∗ = y∗12e¯Rµ¯Lϕ
∗ (y′12e¯PRµϕ)∗ = (y′12)∗ eLµRϕ∗ . (B.4)
These are four distinct interactions, though the reality of the Lagrangian connects the terms in (B.3)
to those in (B.4). These interactions are shown diagrammatically in Figure 7, where arrows correspond
to fermion helicity. To aid in translation between the four-component and two-component notation, we
write (2.1) in terms of the Weyl fields:
L ⊃ (yij`Ri`Ljϕ+ y∗ij ¯`Ri ¯`Ljϕ∗)+ (y′ij ¯`Li ¯`Rjϕ+ y′∗ij`Li ¯`Rjϕ∗) . (B.5)
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Figure 7: Vertices from (B.3) to those in (B.4) where arrows on fermions represent helicity and
the arrow on the scalar represents Le − Lµ charge.
An example where this formalism is useful is to examine possible loop-level contributions to flavor-
changing dipole operators. We can see that such operators necessarily connect fermions of the same
chirality:
e¯σµνµFµν = + . (B.6)
Because the lepton-flavor violating couplings of the ϕ in (B.3–B.4), i.e. Fig. 7, dipole operators in the
limit of a single off-diagonal flavor coupling can only connect states of opposite chirality and different
flavor. There is no one-loop diagram with an internal ϕ for this process because of the spurious Le − Lµ
symmetry. This symmetry is violated by the W interactions so that the leading diagram must contain
additionally a loop with a neutrino–W loop, as in the Standard Model process. One finds that the leading
contribution to µ → eγ from the ϕ is suppressed by an additional loop factor compared to the already
tiny Standard Model term.
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